Thirty plug-in electric vehicle (PEV) owners in Toronto participated in the 15-month ChargeTO program, which actively curtailed their vehicles during charging. The intent was to demonstrate the technical feasibility of the smart-charging system and evaluate its limitations, quantify the real-world curtailment availability of the PEVs, and to capture the participant's impressions and response to various incentive structures. A key feature of this program was the use of vehicle-side data, namely battery state-of-charge (SOC), to ensure that charge curtailments did not negatively affect the participants. This paper summarizes the findings from the ChargeTO program.
Introduction
The number of light-duty plug-in electric vehicles (PEVs) on the roads worldwide surpassed 1 million in September 2015 [1] , and analysts are now forecasting 100 million PEVs on the road worldwide by 2030 [2] . The large and increasing numbers of PEVs on the road are causing valid concerns over grid reliability and infrastructure upgrade costs required to meet peak demands -some networks are already grappling with these issues today [3] , [4] . In theory, utility controlled charging (UCC) or smart-charging (moderating PEV charging via network control) has the potential to address these issues, and more [5] . The benefits of smartcharging are well understood, and include: increasing grid reliability, lowering generation costs and carbon intensity, lowering upgrade costs for grid infrastructure, and coupling PEV charging loads with generation from renewables. Despite these potential financial and environmental benefits, smart-charging has not yet been deployed at any significant scale using a variety of vehicle types. This lack of progress is due to the following factors: (i) PEV drivers have indicated they prefer to enroll in smart-charging programs that protect them from charge curtailment at low battery charge [6] , which requires vehicle-side data including battery state-of-charge (SOC), and (ii) the availability of the required vehicle-side data has not been standardized for production PEVs for use in a smart-charging programs. Multiple, and potentially competing, standards are under development to resolve this for future production vehicles. In advance of vehicles complying with those standards there is a need to deploy smart-charging systems to resolve real-world deployment issues, enable program development, and to understand the potential acceptance of PEV owners to these programs.
The most recent real-world demonstrations of smart-charging generally fall into one of 3 categories: (i) small controlled tests with a limited number of vehicles [7] , [8] , (ii) larger scale demonstrations that do not use vehicle side data [9] , [10] , and (iii) larger scale demonstrations that use vehicle-side data but only include one vehicle model because the method of obtaining the vehicle data is unique to that vehicle model [11] ,
[12], [13] , [14] . In [9] , ElaadNL, the innovation center for charging infrastructure in the Netherlands, is creating a large-scale smart-charging pilot. However, since vehicle-side data is not currently available in this pilot, the strategy is to reduce charging power between 5pm to 7pm each day, regardless of battery SOC. In [10] , Southern California Edison (SCE) is testing out demand response for workplace charging with 80 networked EVSEs for employee use at SCE campuses. Since there is no vehicle-side data, drivers can opt-in or opt-out of each DR event using an app.
The value of using vehicle-side data to optimize charge scheduling is generally recognized, and thus numerous projects are developing this type of smart-charging system for a single vehicle model. In [11] , five Duke Energy employees and five Duke Energy customers trialled a smart-charging system using Toyota Plug-In Priuses. The Priuses were configured to send vehicle-side data to a Toyota Smart Center cloud-based server. In [12] , My Electric Avenue in the UK ran a project where participants drove 100 Nissan Leafs and participated in smart-charging -the Nissan Carwings system was used to report vehicle data back to a central server. References [13] and [14] highlight projects that are currently in progress, and although there are no final project reports available at this time, they help to illustrate some of the most recent work in this field. The second phase of the Jump Smart Maui project in [13] is looking to enroll 300 participants who drive Nissan Leafs in Maui who will participate in smart-charging -again, the Nissan Carwings system will be used to report vehicle data back to a central server. In [14] , PG&E and BMW are working together in the BMW i Chargeforward program to control charging on 100 BMW i3s in the San Francisco Bay Area -the BMW i3 communication system will be used to report vehicle data to a main server. These projects all have a common theme: vehicle-side data is seen as valuable in balancing the needs of the grid with the needs of the driver and so is a required part of the project, yet only single vehicle models can be used because the programs are not using technology to aggregate vehicle-side data from a variety of EV models, which is a necessary component of creating wide-scale commercial smart-charging systems that use vehicle-side data.
FleetCarma's connected car platform for electric vehicles, while not originally designed for smart-charging, can play an enabling role in smart-charging. The system is used by fleets and individuals in 23 countries to support the real-world operations of their electric vehicles. The relevant component of FleetCarma's system for smart-charging is its ability to log vehicle-side data, including battery SOC, on over 45 different PEV models. As a result, FleetCarma's system is capable of providing the necessary vehicle-side data to do large smart-charging deployments with many different plug-in models. As a result FleetCarma created a smartcharging system to work with the data from the FleetCarma logger, and has now successfully demonstrated this smart-charging system in the ChargeTO Pilot, which ran from October 2014 to January 2016. The ChargeTO Pilot is the world's first residential smart-charging demonstration that uses vehicle-side data from multiple PEV models. This paper reports on the results and learnings from this demonstration. 1. Test and refine the smart-charging system with real-world data to prepare for commercialization. 2. Obtain charging and user preferences data to quantify charge shift possibilities. 3. Obtain feedback from participants to investigate the potential requirements for engaging PEV owners in a wide-spread smart-charging program.
FleetCarma Smart-Charging System
The FleetCarma smart-charging system includes four main components, which are shown in Figure 1 .
1. FleetCarma Charge Management Controller: cloud-based algorithm which uses inputs from the utility (maximum power request), driver (smart-charging preferences), and vehicle to calculate the optimal charge curtailment schedule to best satisfy both the utility and driver needs.
2. FleetCarma Vehicle Logger: plugs into the on-board diagnostics port in each vehicle to gather data (battery SOC, charging power, GPS coordinates, etc.). 3. FleetCarma Smart-Charging Portal: responsive web portal where drivers enter smart-charging preferences. 4. Control Pathway: any control pathway that allows the FleetCarma Charge Management Controller to actually curtail charge at the EVSE. In this project, two control pathways were used: (i) the networked AddÉnergie Core+ Level 2 EVSE, and (ii) the Tesla API, which was preferred by some Tesla Model S owners who chose to keep their high-powered Tesla chargers and gave FleetCarma permission to control their charging through the Tesla API.
Note that the Utility Command Signal can also be generalized to come from any entity that is responsible for controlling the total charging power. For example, this maximum power request could be set by a facility or fleet manager who is responsible for curtailing EV charging during demand response (DR) events, or adhering to a daily limit to reduce facility demand charges.
FleetCarma Smart-Charging Portal
The FleetCarma Smart-Charging Portal has two main views: (i) the individual EV owner view and (ii) the utility fleet charging view. The EV owner view is shown in Figure 2 . There are 3 control inputs that the driver can set on this page. The highlighted box 1 indicates the 24Hr Opt-Out button. In the ChargeTO pilot, the driver was allowed to hit this button as many times as needed, and would be unavailable for curtailment by the system for the 24 hours following each button press. The highlighted box 2 indicates the Time Charge Is Needed (TCIN) setting. Here the driver sets the time for each day of the week when they need to have their battery fully charged. The algorithm ensures that any curtailment performed before this time will allow a large enough charging window for the vehicle to reach full charge by TCIN, given the vehicle's current battery SOC. The highlighted box 3 indicates the SOC Auto Opt-Out setting. This setting allows the driver to set a minimum SOC, such that their vehicle is not curtailed if their current SOC is below this setting (effectively, they have a protected minimum SOC before they would be available for curtailment). For the ChargeTO pilot, this setting was allowed to range from 0% to 50% of battery SOC. The Charging Profile plot displays the real-time battery SOC and charging data to the driver.
The fleet charging view (Figure 3 ) provides the control input to the utility (or fleet manager, facilities manager, etc.) to control the maximum charging load of the PEV fleet. This control is currently performed by adjusting the slide bar in the highlighted box, Auto-Curtailment Threshold. FleetCarma is currently in the process of becoming OpenADR certified, such that this control can be provided automatically from the utility.
In the example in Figure 3 line indicates what the actual charging power was, which can be seen to be limited to approximately 10kW. The light blue line shows the minimum charging power that would have been required to fulfill all driver requirements, as set by the 3 settings in the EV owner view. On this evening, there was a maximum of 27kW of curtailment. A historical reporting feature is also available in the portal to show historical power and energy consumption when smart-charging was used, and to estimate what would have happened if smart-charging was not used. 
Baseline Charging Results
Baseline charging data was collected between February and June of 2015. This data shows how the participants charged their vehicles when no smart-charging occurred, including charging at any location (not just at home). Figure 4 shows the average charging power per vehicle on a weekday and Figure 5 shows the average charging power per vehicle on the weekend. The overall month-to-month trend in both of these figures shows that more charging power is required in the colder months (February and March) compared to the warmer months. This is to be expected because for the same average driving distance across all months, each PEV will use more energy in cold months due to electric heater use and battery inefficiencies in cold temperatures. On the weekday plot, there are 3 peak charging periods (early evening, overnight, midmorning), reflecting 3 categories of participant charging behavior:
1. People who charge in the early evening (peak starting around 7pm). This could be due to simply plugging in when they return home for the day or setting an early evening timer for when Ontario Time of Use rates reduce (at 7pm). 50% of the participants exhibited this behavior. 2. People who schedule charge for the late evening or early morning to shift their charging away from highdemand time periods. 36% of the participants exhibited this behavior. 3. People who schedule charge to occur before they leave in the morning to warm up the battery and slightly increase their battery range (peak around 7-8am). 14% of the participants exhibited this behavior.
The weekday plot (Figure 4 ) also shows that there is a measurable amount of charging occurring during the middle of the day, around 0.2kW per vehicle on average. In contrast, the weekend plot ( Figure 5 ) shows a higher average charge rate in the afternoon (0.4kW), similar early evening charging levels, and lower overnight charging levels compared to the weekday plot. Note that the charging spike around 5pm on the weekend plot is the result of a DC fast charge event. The charging data analysis which follows seeks to quantify smart-charging benefits, both to the grid and for the environment, which can be extrapolated to the widespread adoption of PEVs and smart-charging. Since the ChargeTO pilot was composed of mainly early PEV adopters, it is not reasonable to assume the general public will follow the same charging patterns as these early adopters in terms of overnight charge scheduling. Thus, the analysis going forward will focus on the 50% of participants who charged without an overnight timer, and contributed to the early-evening peaks that are of the most concern to the grid and for the environment. Figure 6 shows the vehicle breakdown of all participants on the left and of this sub-group on the right. The corresponding baseline charging data for these 50% of the participants is shown in Figure 7 for the weekday and Figure 8 for the weekend. For this group, the peak charging power in the critical early evening time was 1.2kW per vehicle at around 8pm. 
Instantaneous Curtailment Results
The data gathered in this program was used to calculate the average amount of instantaneous curtailment capacity available at any given time. This indicates how much load could be shed in the case of a grid emergency and when load can be routinely shifted to reduce peak loads on local infrastructure, possibly delaying the need for infrastructure upgrades. To calculate this instantaneous curtailment capacity the minimum load was subtracted from the unmanaged load. The minimum load is the sum of i) the charging power of vehicles that must be continuously charging at full power in order to be fully charged by TCIN, and ii) the charging power of any vehicles that are currently opted-out due to the PEV owner pressing the 24Hr Opt-Out button. Figure 9 shows the average per-vehicle instantaneous curtailment capacity on a weekday from August to December 2015, and Figure 10 shows the same for weekends. For example, in December, there was an average of 1.2kW per vehicle curtailment capacity at 9pm. This means that for a pool of 1000 smart-charging vehicles, the instantaneous load could be reduced by approximately 1.2 MW at 9pm. 
Environmental Benefits
The optimal way to shift PEV charging loads in order to maximize environmental benefits will vary by region, by season, and by day. Thus, it is important to have a centralized smart-charging system in place that can respond to local and seasonal grid conditions. This paper will discuss two examples of how different PEV load shift strategies can reduce grid emissions.
Shift Load To Improve Over-Generation of Renewables (i.e. Duck Curve)
The duck curve, originally identified in [15] , and further analyzed in [16] , illustrates the concern of potential overgeneration and solar curtailment in areas of high photovoltaic (PV) penetration (such as California) due to the high generation of solar energy during midday. These concerns focus on sunny months that do not have high daytime air-conditioning loads, such as March and April. The duck curve is the net daily load in a high PV area, which is the normal load minus wind and PV generation. As can be seen in Figure 11 , a large rampup of about 13,000 MW is needed over 3 hours to satisfy load in the late afternoon and early evening as the sun sets on a typical day in California. Since many of these resources need time to come on line before they can support these ramps, and also need to provide a minimal power level during this time, there is valid concern that PV generation may have to be curtailed during midday in the near future. This action would result in stranded financial resources of PV arrays being pulled offline, and also increase emissions as a fuelburning plant would be replacing power that could have been generated by existing PV arrays. A widespread smart-charging program can intelligently shift load away from the evening ramp towards midday to ease this problem. This type of PEV charging control could maximize the use of PV energy when it is available, and minimize the need to take these resources offline. 
Shift Load To Minimize Grid Emissions
At times when the duck curve is not a concern, it is often desirable to shift load away from midday and early evening, as this is when load is generally highest and thus the most fuel-burning plants are operating. Though the optimal way to shift load will depend on the local generator mix, local load demands, and local market conditions, this paper will analyze one type of shift strategy to quantify the environmental benefit of shifting PEV charging to times when the grid is powered by cleaner power sources. The example will use California marginal grid emissions data, based on the model created in [17] , shown in Figure 12 . Based on the carbon intensity per kilowatt hour (CIPK) profile, the load shift strategy for this example was chosen to move all shiftable PEV charging load into the period between 11pm and 7am. Shiftable load includes all PEV charging load that is not needed immediately by PEV drivers. The FleetCarma Charge Management Controller determines if charge is immediately needed based on vehicle state and user preferences. Thus, charge is considered immediately required if (i) the current vehicle SOC is less than the SOC Auto Opt-Out setting, or (ii) the 24Hr Opt-Out button has been hit in the last 24 hours, or (iii) charge is needed to ensure full battery charge is attained by the TCIN time setting. Therefore, this load shift analysis considers the actual load that can be shifted while not negatively affecting drivers
This analysis uses the October charging data from the ChargeTO pilot, as this is a mild-weather month, to determine the emissions savings possible given the California grid CIPK values. The carbon emission percentage savings are shown in Figure 13 . These savings have been extrapolated to a pool of 1000 PEVs to find the monthly carbon emission savings, as shown in Figure 14 . When the monthly savings are summed, the annual savings are over 110 metric tons. Since only shiftable load was moved in this analysis, these carbon reductions could be achieved with no negative impact on the driver. 
Incentive Phase
An incentive phase was run during October and November 2015. The goal was to determine if a reward could persuade the participants to make their vehicles more available for curtailment. The preference which was most often limiting charge curtailment up to this point in the program was the SOC Auto Opt-Out setting, because if people had set this preference to the maximum of 50%, and they arrived home for the day below 50%, their vehicle would require immediate charging at that time. Thus, the incentive was structured to encourage participants to lower this setting. The participants were divided into three groups: (1) a control group which received a set $40 payment regardless of their settings, (2) a count-up incentive group, which started at $0 and earned more reward for lowering their SOC Auto Opt-Out setting, and (3) a count-down group which started at $50 and lost reward for having a higher SOC Auto Opt-Out setting.
Figure5 shows that the incentive reward was definitely helpful in enticing participants to allow curtailments on their vehicle at lower battery SOCs. Whereas the majority of participants were at the 40-50% SOC setting prior to the incentive, the vast majority were in the 0-9% range after the incentive was offered. The incentive phase results are shown in Table 1 . There was not a statistical difference between the behaviors of the countup group compared to the count-down group; both incentive methods worked equally well compared to the control group. 
Interviews
Participant interviews were held at the start and end of the program. The participants gave positive feedback about the program, ranging from "An eye opener. It's fascinating. The portal is a wickedly powerful tool." to "Fairly invisible. It didn't impact me.". The "invisibility" of the charge curtailment was a common theme among participants, even though most vehicles were curtailed on most nights from August to December 2015. This is very encouraging feedback, as the goal of the system is to perform charge curtailments without impacting the driver's use of their vehicle.
Although many insights were obtained from the participants during the interviews, this paper will focus on two important questions, as shown in Figure6 . The first question aimed to understand how important it was to participants that the smart-charging system considered their current battery SOC before performing any curtailment. A full 72% of the participants stated that they would not have signed up for the program if this critical vehicle-side data was not used in the curtailment algorithm. This is vitally important information in trying to develop a smart-charging program that has the potential for widespread adoption. The second question aimed to quantify the compensation required to for the participant to enroll in an ongoing smartcharging program with vehicle side data, without the free AddÉnergie EVSE and FleetCarma device that was provided in this particular pilot. The results reveal that 24% of participants would be interested in the program if they received no compensation other than access to their vehicle data, as was provided in this pilot. Over half of the participants would have allowed smart-charging of their vehicles with $10/month or less of monetary incentive, with the participation rate rising to over 2/3rd with $15/month or less of monetary incentive. 
Conclusions
The ChargeTO pilot was the world's first known residential smart-charging demonstration to use vehicleside data on a variety of PEV models. Baseline charging data was captured over a 6-month period, which included categorization of charging behaviours into three archetypes. After the baseline data was captured, the was actively managed over a 5-month period. During the 150-day period the majority of the participants were curtailed nightly. The curtailment objectives were varied to simulate a number of potential grid scenarios and resulting demand response priorities. At peak load times 70-80% of the charging load could be shed (instantaneous curtailment capacity) while still ensuring all vehicles were fully charged by their preset departure time. Interview results indicated that 72% of participants would require the use of vehicle-side data in any future smart-charging program. These results indicate that vehicle-side data will be a critical component of any smart-charging program that will achieve widespread adoption.
